Identifying Galactic Sources of High-Energy Neutrinos by Kheirandish, Ali
Identifying Galactic Sources of High-Energy Neutrinos
Ali Kheirandish1,2
Abstract High-energy neutrinos present the ultimate
signature for a cosmic ray accelerator. Galactic sources
responsible for acceleration of cosmic rays up to the
knee in cosmic ray spectrum will provide a guaranteed,
albeit subdominant, contribution to the high-energy
cosmic neutrino flux. In this review, we discuss the
the prospects for identification of high-energy neutrinos
from sources of the very high energy gamma ray emis-
sion in the Milky Way. We present the status of the
search for point-like and extended emission from these
sources, and describe how the results of these studies
indicate that neutrino telescopes are closing in on iden-
tifying Galactic sources of high-energy neutrinos.
Keywords high-energy cosmic neutrinos, cosmic rays,
high-energy astrophysics, Milky Way
1 Introduction
Galactic sources constitute one of the main components
of the high-energy emission observed at Earth. The
most manifest component of the high-energy radiation
from the Galaxy is the measured gamma-ray emission
from sources in the Galactic plane. Today, the observed
high-energy gamma-rays from Galactic sources reach
100 TeV, indicating that Galactic sources are capable
of accelerating particles to very high energies. While
the cosmic rays spectrum extend to energies far beyond
these energies, Galactic sources has been understood
as the principal contributors up to the “knee” in the
cosmic ray spectrum.
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The origin of the very high energy cosmic rays has
been a longstanding challenge of particle astrophysics,
and despite the success of gamma-ray astrophysics in
identifying Galactic and extragalactic sources of high-
energy gamma rays, it falls short of revealing whether
these sources are the origin of the cosmic rays because
accelerated electrons will emit high-energy gamma rays.
However, if gamma rays are pionic in origin, i.e. pro-
duced in hadronic interactions, then high-energy neutri-
nos are inevitably accompanying them and should reach
Earth simultaneously. Therefore, high-energy neutrinos
can unveil the origin of the cosmic rays and provide the
smoking gun for the hadronic interactions at a source.
The rationale for searching for Galactic sources of
high-energy cosmic neutrinos relies on the search for
PeVatrons. Galactic cosmic rays are thought to reach
energies of at least several PeV, the knee in cosmic ray
spectrum. The interaction of cosmic rays with ener-
gies greater than PeV with the dense environments in
the Galaxy leads to production of charged and neutral
meson that would eventually decay to high-energy neu-
trinos, as well as gamma-rays, and should be seen in
neutrino detectors.
In the context of multimessenger connection, iden-
tification of the source of high-energy neutrinos and
very high energy cosmic rays can benefit from the infor-
mation brought by other channels of observation. For
Galactic source, since they are in our neighborhood,
the very high energy gamma rays that should accom-
pany the high-energy neutrinos would not be affected
by the extragalactic background light (EBL) and there-
fore, they can be seen in similar energy ranges that
neutrino telescopes operate effectively.
The observation of high-energy cosmic neutrinos
in the IceCube Neutrino Observatory (Aartsen et al.
2013a, 2014c) opened the new era of neutrino astron-
omy and multimessenger astrophysics. Today, for the
first time since the discovery of high-energy cosmic neu-
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2trinos, the neutrino sky seen by IceCube is showing
evidences for anisotropies. The first evidence for a neu-
trino emission from a source was found through a mul-
timeesnger observation, revealing a blazar as a source
of a neutrino with energies ∼ 300 TeV (Aartsen et al.
2018a) and uncovering a flaring activity of the source in
the IceCube archival data (Aartsen et al. 2018b). In ad-
dition, the results of the 10 year time-integrated search
for neutrino sources (Aartsen et al. 2020b) has revealed
more sources with positive fluctuation and indicate that
neutrino telescopes are getting close to identify sources
of high-energy neutrinos. Possible neutrino emission
from the Galactic plane appears as a subdominant com-
ponent to the observed cosmic neutrino flux. However,
recent studies imply that identification of the Galactic
source of high-energy neutrinos is likely in near future.
A cubic kilometer detector like IceCube, and in near
future KM3NeT (Adrian-Martinez et al. 2016), is sen-
sitive to generic cosmic ray sources with an energy den-
sity in high-energy neutrinos comparable to their en-
ergy density in cosmic rays and their associated pionic
gamma rays. Galactic cosmic rays reaching energies of
few PeV meet this condition.
The goal of this review is to discuss the current sta-
tus of identifying Galactic sources of high-energy neu-
trinos which is tied to one of the central questions in
particle astrophysics: where is the birthplace of cosmic
rays? We first present an overview of the high-energy
neutrino observations and discuss recent developments
in flux measurements and search for the origin of high-
energy neutrinos. After a brief discussion of Galactic
cosmic rays in Section 3, we will talk about the identi-
fication of potential sources of high-energy neutrinos in
the Milky Way based on gamma-ray observations and
discuss the prospect for their observations in Sections 4
and 5. We will highlight analyses aimed at identifying
the correlation of high-energy neutrinos with these ob-
jects and argue how their findings indicate that iden-
tifying Galactic component of cosmic neutrino flux is
likely in near future.
2 High-Energy Cosmic Neutrinos
Soon after their discovery, neutrinos emerged as ideal
astronomical messengers thanks to their feeble in-
teraction and immunity to the interstellar magnetic
fields. Their ability to traverse the universe unscathed,
granted them as particles that can point back to the
origin of the cosmic rays. However, the weak interact-
ing nature of neutrinos made their observation diffi-
cult. Early prediction of the neutrino flux from astro-
physical sources necessitated instrumenting immense
detectors for their observation. Theoretical predictions
for a high-energy neutrino emission concentrated on
sources that were thought capable of accelerating cos-
mic rays to very high energies, such as active galactic
nuclei (AGN), gamma ray bursts (GRBs), and super-
nova remnants (SNR) as well as the interaction of ul-
tra high energy cosmic rays (UHECR) with the cos-
mic background radiation. These predictions relied on
the anticipation that cosmic accelerators may produce
cosmic rays, gamma rays, and neutrinos with similar
energies and indicated that cubic kilometer detectors
were required for observation of high-energy neutrino
flux from these sources.
Secondary charged particles produced by neutrino
interaction with a nucleus emit Cherenkov light when
they travel faster that the speed of light in a medium.
Therefore, development of large scale neutrino detec-
tors focused on using highly transparent natural wa-
ter or ice that were instrumented with photomultipliers
to detect the Cherenkov lights. DUMAND1, NT200,
AMANDA2, and ANTARES experiments pursued this
idea and presented the proof of concept for building the
first cubic kilometer detector: IceCube3.
The IceCube Neutrino Observatory transformed one
cubic kilometer of Antarctic ice into a Cherenkov detec-
tor and serves as world’s principal neutrino telescope.
The IceCube detector consists of 51600 digital optical
modules (DOMs) deployed below the depth of 14500
meters, that contain photomultiplier tubes (PMTs) as
well as the digitizing electronics that capture PMT light
signal (Abbasi et al. 2010, 2009; Aartsen et al. 2017c).
The information recorded by DOMs are the basis for
reconstruction of the energy, direction, and localization
of particle interactions in the ice.
IceCube was completed in 2010 and one year af-
ter completion, it succeeded in observing an extrater-
restrial flux of high-energy neutrinos (Aartsen et al.
2013a). Since then, IceCube has continuously been
measuring the high-energy cosmic neutrino flux and the
excess of neutrinos (over atmospheric neutrino back-
ground) has been confirmed in multiple channels of ob-
servation (Aartsen et al. 2014c, 2015b; Kopper et al.
2016; Aartsen et al. 2016b; Haack and Wiebusch 2018;
Schneider 2020; Stettner 2020; Aartsen et al. 2020a).
IceCube detects neutrinos with energies greater than
10 GeV. Atmospheric neutrinos and muons produced
by cosmic rays interaction in the atmosphere are the
1Deep Underwater Muon And Neutrino Detector Project
2Antarctic Muon And Neutrino Detector Array
3For a comprehensive history of neutrino astronomy and devel-
opment of neutrino detectors see Spiering (2012).
3main backgrounds for the search of high-energy cos-
mic neutrinos. On average, IceCube observes 106 at-
mospheric neutrinos and 1011 atmospheric muons each
year (Halzen and Klein 2010). The background neutri-
nos spectra falls sharply with increasing energies, and
at energies beyond 100 TeV the astrophysical flux be-
comes the dominant component.
In order to identify the cosmic neutrino flux, two
principle methods were incorporated to distinguish sig-
nal from background. The first method relies upon
the observation of muon neutrinos that interact primar-
ily outside the instrumented volume. Charged current
interaction of high-energy muon neutrinos produces a
kilometer-long muon track that passes through the de-
tector. In this method, Earth is used as a filter to
reduce the background of cosmic ray muons. As a re-
sult, at high energies (&100 TeV) the background is
severely suppressed. Using this method, IceCube has
identified an excess of high-energy neutrino flux at en-
ergies beyond 100 TeV that can not be explained by the
atmospheric flux. Analyzing 10 years of data, IceCube
has observed a flux of high-energy muon neutrinos that
is well described by simple power-law with a spectral
index of 2.28 (Stettner 2020).
The alternative method for identification of astro-
physical neutrino flux uses a veto technique to remove
the background, thus excluding events that did not
interact in an inner fiducial volume of the detector.
This event selection benefits from detection of neutri-
nos from every direction in the sky and all neutrino
flavors can be identified. This method succeeded in
revealing the first evidence for cosmic neutrinos (Aart-
sen et al. 2013a), and today, 7.5 years of high-energy
starting events (HESE) revealed an excess of astrophys-
ical flux of high-energy neutrinos with statistical signif-
icance of ∼ 8σ, rejecting atmospheric origin (Schneider
2020). The measured flux in HESE is described by a
simple power-law with an index of 2.88.
These two method of separating cosmic neutrinos
from atmospheric backgrounds have complementary
advantages. The HESE selection observes an all-sky
sample of events that do not trace any accompanying
muons from an atmospheric shower, and therefore, are
highly unlikely to be of atmospheric origin. In addi-
tion to starting muon tracks, the sample includes show-
ers produced by charged-current interactions of electron
and tau neutrinos, and neutral current interactions of
neutrinos of all flavors. Showers have typically an an-
gular uncertainty of 10−15 degrees and benefit from an
energy resolution better than 15%, since the deposited
energy is contained inside the detector (Aartsen et al.
2014a). On the other hand, the through-going muons
provide an angular resolution of ≤ 0.4 degree at high
energies.
Figure 1 showes a summary of high-energy cosmic
neutrino flux measurements in each method. At lower
energies, the atmospheric muon and electron neutrino
fluxes are shown, which fall rapidly with and index
of ∼ 3.7. At & 10 TeV, the fitted spectrum for con-
tained events in 7.5 year HESE measurement is shown,
which becomes the dominant component. Note that
the atmospheric muon and electron neutrino fluxes here
are before applying the veto. Taking advantage of this
technique, the atmospheric component is severely sup-
pressed in the HESE analysis. The high-energy muon
sample from the Northern hemisphere measures the as-
trophysical flux at relatively higher energies, as it relies
on the growing neutrino-nucleus cross section to shield
the atmospheric flux via Earth. The cosmic neutrino
flux in this analysis is effectively measured above 100
TeV. As could be seen in the figure, the measurements
are compatible within common energy ranges (for dis-
cussion on the compatibility of the measurements, see
Aartsen et al. (2020a)). In the meantime, different
spectral indices found in these analyses hint at possible
spectral features in the global spectrum of the cosmic
neutrinos. While the proof of such features in high-
energy neutrino spectrum is contingent on more statis-
tical and systematic improvements in measurement of
the high-energy neutrino flux, the high level of neutrino
flux at 10 TeV has a major physical impact: it could
be symptomatic of sources and their properties.
Since both charged and neutral pions are produced
in astrophysical beam dumps, the high-energy neutrino
production is inevitably accompanied by high-energy
gamma rays. If the source is nearby, gamma rays will
arrive at Earth. However, gamma rays from distant
source will suffer absorption and cascading in EBL,
which will degraded their energy and eventually con-
tribute to the isotropic gamma-ray background (IGRB)
measured by the Fermi satellite (Ackermann et al.
2015). Consequently, neutrino-gamma connection im-
poses strong constraint on the source emission and the
origin of high-energy cosmic neutrinos. Most notably, if
hadronuclear (pp) interactions were the dominant chan-
nel of neutrino production at PeV energies, the neu-
trino flux cannot have a spectrum softer than E−2.2 as
the accompanying gamma ray flux will overshoot the
IGRB measurements (Murase et al. 2013). Further-
more, sources responsible for the low-energy excess in
IceCube data, at 10 TeV, should be opaque to gamma-
ray emission in order to avoid violating the IGRB limits
(Murase et al. 2016; Capanema et al. 2020).
Another potential origin of lower energy excess in
IceCube data is considered to be the Galactic compo-
nent of the neutrino flux. The starting event selection
is dominated by events from the Southern hemisphere
4Fig. 1 The flux of high-energy neutrinos (per flavor) above 1 TeV. At low energies, IceCube’s measured atmospheric muon
and electron neutrinos (Aartsen et al. 2015,c) are shown in light and dark grey, respectively. The predicted prompt flux
(Enberg et al. 2008) expected from atmospheric charm production in cosmic ray showers is shown in black. The red line
shows the fitted spectra for HESE 7.5 analysis and the shaded region shows the uncertainties (Schneider 2020). The dark
red points show differential data points in HESE 6 year analysis. The results for 10 year muon neutrino flux measurement
is shown in blue shaded area (Stettner 2020). At higher energies, the predicted flux of cosmogenic neutrinos (Ahlers and
Halzen 2012) shown in green, as well as the upper limit on the extremely high energy flux of neutrinos from IceCube
(Aartsen et al. 2016a) and Pierre Auger Observatory (Aab et al. 2015).
where there is a greater exposure to the Galactic plane
compared to the Northern Sky. Galactic sources are be-
lieved to contribute mostly to the flux below 100 TeV
energies, and this speculation is supported by the other
measurement lowering the threshold in starting event
analysis (Aartsen et al. 2015a) as well as the search
with cascade data (Aartsen et al. 2020a).
An extensive effort has been placed in order to iden-
tify the origin of high-energy cosmic neutrinos. These
effort include time-integrated searches for steady emis-
sion (Aartsen et al. 2014d, 2017a, 2019d, 2020b) as well
as time-dependent search for transients (Aartsen et al.
2015d,e, 2019a). In addition, extended sources and
cross correlation with potential astrophysical sources
has been done in the form of stacking searches.
The consistency of the arrival direction of astro-
physical neutrinos with isotropic distribution implies
that the flux of high-energy neutrinos are predomi-
nantly extragalactic in origin. After almost ten years
of operation, the first evidence for neutrino emission
from a source was identified through a multimessen-
ger campaign that was initiated by a 290 TeV neutrino
in September 2017 (Kopper and Blaufuss 2017). A
flaring gamma-ray blazar, TXS 0506+056, was iden-
tified as the source of the high-energy neutrino (Aart-
sen et al. 2018a) and remarkably, an archival search
in IceCube data revealed a neutrino flare in 2014-15
that dominated the neutrino flux from the direction
of TXS 0506+056 in a ten year period (Aartsen et al.
2018b). This observation presented the first evidence
for a neutrino source. Later, signatures of anisotropy
has emerged in 10 year analysis of IceCube muon neu-
trino data (Aartsen et al. 2019a). Most notably, a
nearby seyfert galaxy, NGC 1068, has been identified
as the most significant source in the pre-identified list
in the search and surprisingly, the all-sky untriggered
search finds a hot spot compatible with this source.
This source, and three other sources were found with a
pre-trial significance of 4σ. Overall, the anisotropy is
observed at a 3σ level in the search.
In summary, the origin of the majority of the Ice-
Cube cosmic neutrino flux is still a mystery. The recent
developments has offered compelling evidences for the
origin of high-energy neutrinos and they are driven by
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Greisen [106] gives the following approximate analytic expressions for the numbers and lateral
distributions of particles in showers at ground level. The total number of muons Nµ with energies
above 1 GeV is
Nµ(> 1GeV) ¥ 0.95◊ 105
1
Ne/106
23/4
, (29.8)
where Ne is the total number of charged particles in the shower (not just e±). The number of
muons per square meter, flµ, as a function of the lateral distance r (in meters) from the center of
the shower is
flµ =
1.25Nµ
2fi≈ (1.25)
3 1
320
41.25
r≠0.75
3
1 + r320
4≠2.5
, (29.9)
where ≈ is the gamma function. The number density of charged particles is
fle = C1(s, d, C2)x(s≠2)(1 + x)(s≠4.5)(1 + C2xd) . (29.10)
Here s, d, and C2 are parameters in terms of which the overall normalization constant C1(s, d, C2)
is given by
C1(s, d, C2) =
Ne
2fir21
[B(s, 4.5≠ 2s)C2B(s+ d, 4.5≠ d≠ 2s)]≠1 , (29.11)
where B(m,n) is the beta function. The values of the parameters depend on shower size (Ne),
depth in the atmosphere, identity of the primary nucleus, etc. For showers with Ne ¥ 106 at sea
level, Greisen uses s = 1.25, d = 1, and C2 = 0.088. Finally, x is r/r1, where r1 is the Molière
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Fig. 2 Energy-weighted cosmic ray flux at energies above
10 TeV and the three prominent features of the cosmic ray
spectrum: t e knee, the seco d knee, and the ankle. The
knee refers to the steepening of the spectru at energies
above ∼ 3 PeV and Galactic cosmic rays are believed to
be the dominant contributors up to this energy. The sec-
ond kne has been identified around ∼ 300 PeV and marks
steepening of the flux. The ankle is referred to the flatten-
ing feature of the spectrum, at energies beyond EeV. Figure
from P rticle Data Group (Tanabashi et al. 2018).
the extragalactic component of the flux. This is not a
surprise as the cosmic neutrino flux is predominantly
extragalactic. However, the Galactic contribution to
the astrophysical neutrino flux cannot be excluded and
several hints in the neutrino data may point toward
possible identification of Galactic sources of cosmic neu-
trinos in near future. In fact, Galactic sources were
thought as guaranteed contributors to the high-energy
neutrino flux. In the next section, we will discuss how
Galactic cosmic rays support this argument and later
in Section 4, we will discuss these hints in addition to
the strategies for targeting and identifying sources of
high-energy neutrinos in the Milky Way.
3 Galactic cosmic ray accelerators
Cosmic ray spectrum spans a wide range of energies,
over 14 orders of magnitude. Despite the increasing
knowledge on the cosmic ray spectrum since their dis-
covery more than a hundred year ago, the principle puz-
zle in cosmic ray physics remains unanswered: Where
do cosmic rays originate from?
One prominent feature in cosmic ray spectrum is the
steepening of the spectrum above∼ 3 PeV, see Figure 2.
This break energy is known as the cosmic ray knee. The
location of the knee, and other features in the cosmic
ray spectrum, offer important clues about the sources
of cosmic rays.
The necessary condition for a source to be consid-
ered as a particle accelerator up to a certain energy is
to satisfy the Hillas criterion (Hillas 1984). That is, the
gyro-radius of the particle shall not excess the size of
the astrophysical object. Otherwise, it cannot contain
the particle. The other relevant parameters determin-
ing the maximum energy an accelerator can achieve are
the acceleration mechanism and energy losses at the
source. Galactic sources such as supernova remnants
can meet Hillas’ condition and reach energies beyond
the cosmic ray knee if the magnetic filed is amplified
compared to the average interstellar medium’s average
value. Possible Galactic wind termination shocks can
also accelerate cosmic rays beyond the knee in Milky
Way, see (Bustard et al. 2017) for details.
Supernova remnant was among the very early sug-
gestions as the source of cosmic rays up to energies of
several PeVs (Baade and Zwicky 1934). Galactic cos-
mic rays posses an energy density of ∼ 10−12 ergs−1 and
their average containment time in the Galaxy is three
million years. In order to maintain a steady energy den-
sity for the Galactic cosmic rays, a source should typ-
ically accelerate particles with a power of 1041 ergs−1.
This can be easily met when 10% of the power gen-
erated by supernova remnants (1051 ergs−1) is released
to the Galaxy every 30 years. This coincidence is what
motivated supernova remnants as the major source re-
sponsible cosmic ray acceleration and production of
Galactic cosmic rays. For a recent review on Galac-
tic cosmic rays see Becker Tjus and Merten (2020).
Cosmic rays interaction with matter or radiation
at the source, or during their propagation in Galac-
tic environment, would result in secondary particles
that can be used to pinpoint the origin of the cosmic
rays. Gamma rays and neutrinos are promptly pro-
duced from decay of pions. For Galactic sources, the
hadronuclear (pp) interaction is dominant and the pho-
tohadronic component is negligible. The threshold for
production of pions in hadronuclear interaction leads
to a feature in gamma-ray flux known as pion bump,
appearing at ∼ 70 MeV. Since accelerated electron-
positron pair can emit high-energy gamma rays, such
feature is crucial to find a direct evidence for hadronic
interactions in gamma-ray observations. Interestingly,
the Fermi Large Area Telescope (Fermi-LAT) has iden-
tified this feature in gamma-ray spectra of supernova
remnants IC 443, W 44, and W 51 (Ackermann et al.
2013; Jogler 2016).
Although identification of the pion bump is an in-
triguing evidence for the presence of hadrons in super-
nova remnants, it does not suffice to identify the origin
of very high energy cosmic rays in the Milky Way. The
energy at which the feature is present is quite below
6the energy associated to very high energy cosmic rays.
Hence, even if very high energy gamma rays were iden-
tified from a source the leptonic versus hadronic ori-
gin of them cannot be disentangled. Neutrinos on the
other hand can only originate from decay of pion, and
therefore, provide the smoking gun for hadronic inter-
actions. Neutrinos are another secondary particle that
stem from cosmic ray interactions and they would ac-
company any pionic high-energy gamma ray emission.
Therefore, neutrinos present the only unambiguous sig-
nature for cosmic ray sources in the Galaxy, and indeed
anywhere in the universe.
4 Identifying Galactic Sources of High-Energy
Neutrinos
A cubic kilometer neutrino detector like IceCube has
sufficient sensitivity to probe for a cosmic ray source
that releases a similar energy density in neutrinos, very
high energy gamma rays, and cosmic rays (Gaisser
1997; Alvarez-Muniz and Halzen 2002). Galactic
sources might be satisfying this condition.
The search for Galactic neutrino sources is centered
on the search for PeVatrons, sources with the required
energetics to produce cosmic rays, at least up to the
knee in cosmic ray spectrum. Supernova remnants has
been the primary candidates. Accelerating cosmic rays
beyond PeV energies, generic PeVatrons should emit
very high energy gamma rays whose spectrum extend
to several hundred TeV without a cut off.
Here, we focus on hadronuclear interaction (pp). The
photohadronic (pγ) interactions are generally consid-
ered to be negligible for Galactic sources. Hadronu-
clear interactions will result in production of charged
and neutral pions:
pp −→ Npi[pi+ + pi− + pi0] +X, (1)
where Npi is the pion multiplicity. High-energy flux
of neutrinos is produced by the immediate decay of
charged pions
pi+ −→ µ+ + ν¯µ (2)
followed by µ+ −→ e+ + νe+ ν¯µ. Simultaneously, high-
energy gamma rays are produced via neutral pions de-
cay:
pi0 −→ γ + γ. (3)
High-energy neutrinos and gamma rays carry on av-
erage 1/4 and 1/2 of the parent pions energies, respec-
tively. The pion’s energy is related to proton’s en-
ergy via the average inelasticity per pion, κpi, such that
Epi = κpiEp. For pp interactions, κpi ' 0.2 (Kelner et al.
2006). Neutrinos would carry between 3-5% of the par-
ent cosmic ray energy. The efficiency of a beam dump
to produce pions is expressed as
fpi = 1− exp(−κσppnl), (4)
where κ is the inelastisity for pp interaction, σ is the
interaction cross section, n is the target density, and
l is the target size. Using the source production rate
function Qp in units of GeV
−1 s−1, one can find the
total neutrino emission rate as
E2νQν =
3
4
fpi
Kpi
Kpi + 1
E2pQp
∣∣∣∣
Ep=4Eν/κpi
, (5)
where the factor 3 takes into account the number of
neutrinos produced per pion and Kpi is the fraction of
charged to neutral pions and equals to 2 for pp interac-
tions.
The gamma-ray and neutrino flux at the source are
connected considering the number of charged and neu-
tral pions:
1
3
∑
α
E2νQνα(Eν) '
Kpi
4
E2γQγ(Eγ)
∣∣∣∣
Eγ=2Eν
. (6)
Interaction with the background light or dense en-
vironments alters the gamma-ray flux before arriving
at Earth. In order to apply the above relation to the
gamma-ray and neutrino fluxes detected at Earth, one
should correct the gamma-ray flux by multiplying the
right hand side of equation 6 by exp
(
τ(z, E)
)
. For ex-
tragalactic sources, this correction is essential as EBL
absorption would attenuate the gamma-ray flux at very
high energies. For Galactic source, however, the effect
is negligible.
Neutrino oscillations will modify the original flavor
ratio of the high-energy neutrinos. Therefore, when
considering the flux at Earth for each flavor, the flux
of neutrinos is equally distributed between the three
flavors of neutrinos.
In the context of multimessenger connection, iden-
tification of potential Galactic cosmic ray, and cosmic
neutrino, sources rely upon identification of very high
energy gamma ray emitters. The associated gamma
rays produced with high-energy neutrino could lay out
the whereabouts of potential sources in the Galaxy.
The first very high energy survey of the Galaxy was
performed by the Milagro collaboration (Abdo et al.
2007). This survey revealed the brightest gamma-ray
emitters in the Galactic plane and pointed towards pos-
sible sites of cosmic ray acceleration in the Galaxy. Mi-
lagro was a water Cherenkov telescope with a wide field
of view. The success of Milagro in identifying bright
7gamma-ray spots in the Milky Way, which are the most
luminous source in the plane after Crab, was followed
by observations by imaging air Cherenkov telescopes
(IACTs) such as HESS4, VERITAS5, and MAGIC6
which provided a throve of data on the gamma-ray
emission from the Milky Way. Today, with operation of
the HAWC7 gamma-ray observatory, as the successor of
Milagro, we have an unprecedented sensitivity to very
high energy gamma ray emitters in the Milky Way.
The initial Milagro survey of the Galaxy presented
the first view of the Galaxy at 10 TeV and identified a
handful of TeV emitters. Today, there are more than
100 sources identified with TeV emission in the Milky
Way. Pulsar wind nebula (PWN), supernova remnant
(SNR), binaries, molecular clouds, and Shell SNR are
different type of sources with identified classes. How-
ever, the majority of detected sources are yet classi-
fied as unidentified. The TeVCat8 data base provides a
present-day summary of the detected sources with TeV
emission (Wakely and Horan 2007).
Six sources with extended emission were identified
in the initial survey of the Milagro collaboration (Abdo
et al. 2007) as potential cosmic ray accelerators in
the Galactic plane. These prominent sources were
found to have a hard spectrum that extended to very
high energies without showing signatures of energy cut-
off. This behavior made them ideal candidates for
long sought PeVatrons in the Galaxy. Three of these
sources – MGRO J1908+06, MGRO J2019+37, and
MGRO J2031+41 – were most significant sources after
Crab. The two other, MGRO J2043+36 and MGRO
J2032+37, were candidate sources with relatively high
level of gamma-ray emission. Finally, MGRO J1852+01
was found below the threshold despite its large flux.
Four of these sources were located in the Cygnus
region, a star forming zone in the Milky Way with high
level of activity and young stars which could provide
substantial requirements for particle acceleration and
interaction. The other two sources were close to inner
galaxy and depicted a large flux in TeV energies. They
were located at low declination, which is the area in the
sky IceCube is most sensitive to. Therefore, provided
that the emission was hadronic, they had the highest
likelihood of observation in IceCube.
The early predictions based on the measured fluxes
and extensions reported by the Milagro collaboration
4High Energy Stereoscopic System
5Very Energetic Radiation Imaging Telescope Array System
6Major Atmospheric Gamma-Ray Imaging Cherenkov
7High Altitude Water Cherenkov
8tevcat.uchicago.edu
determined that IceCube should be able to see neu-
trinos from these sources after five years of operation
(Beacom and Kistler 2007; Halzen et al. 2008; Gonzalez-
Garcia et al. 2009). Follow-up observations by Milagro
reported a low-energy cut-off in the spectrum of these
sources (Abdo et al. 2012) which reduced their chance
of observation in IceCube (Gonzalez-Garcia et al. 2014).
The prospects for observation of these sources in Ice-
Cube is entangled with the uncertainties in the spec-
trum and the extension of the sources. Sources with
hard spectrum, close to E−2, are more likely to be iden-
tified in the neutrino sources search as the astrophys-
ical signal in neutrino data can be distinguished from
the soft atmospheric background. In addition, neutrino
source search become less sensitive with larger exten-
sions as the number of background in the direction of
source would enhance by the larger extension of the
source. It should be noted that understanding the true
extension is necessary to obtain the optimal sensitiv-
ity in the search for extended sources (Aartsen et al.
2014d).
The discrepancy in measurement of spectrum and
extension of the Milagro sources emerged as IACT
experiments performed follow up observation of these
sources. The new information brought by HESS, VER-
ITAS, MAGIC, and ARGO-YBJ observatories showed
tensions and discrepancies in the spectrum and exten-
sion of these sources. While the likelihood of identifying
these objects as neutrino sources highly depends on the
true spectra and extensions, the clear picture is hard to
assess as each experiment faces systematic limitations.
The wide-field water Cherenkov telescopes like Milagro
are suited to measure gamma-ray flux from extended
sources while IACTs are pointing observatories and are
limited in exploiting extended regions. Their small field
of view prevents them from constructing background
from off-source regions for extended sources. On the
other hand, while IACTs benefit from good energy
resolution, and hence more accurate spectral measure-
ments, their sensitivity declines for energies beyond 10
TeV. Here, we focus on the prospects for observation of
MGRO J1908+06 as one of the preeminent candidate
sources, for detailed discussion on the rest of sources
see Halzen et al. (2017).
The high-energy gamma ray emission from MGRO
J1908+06 was reported by air-shower detectors (EAS)
like the Milagro experiment. (Abdo et al. 2007, 2009;
Smith 2010), and the ARGO-YBJ (Bartoli et al. 2012).
The high-energy gamma ray flux has been also detected
also by IACTs. Figure 3 compares the flux measure-
ments by different observatories. The HESS collabora-
tion measures a flux systematically lower than the Mi-
lagro and ARGO-YBJ data (Aharonian 2009), which
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Fig. 3 Measured gamma-ray flux of MGRO J1908+06
from different experiments. We show in purple data points
measured flux by HESS (Aharonian 2009), in red the flux
from VERITAS (Aliu et al. 2014a), and in cyan the flux from
HAWC (Abeysekara et al. 2016). The blue data points sow
the previous measurements by Milagro (Abdo et al. 2007,
2009), and the orange line and the shaded orange region
show the best fit and the 1σ band as reported by the Milagro
collaboration (Smith 2010) . The dotted area identifies the
ARGO-YBJ 1σ band (Bartoli et al. 2012). The green lines
show the spectra obtained considering αγ = 2 and fixing the
normalization to the best fit reported by HESS, the allowed
the cut-off energy vary: Ecut,γ = 30, 300, and 800 TeV
(short-dashed, solid, and long-dashed lines, in green). Fig-
ure from (Halzen et al. 2017).
finds a hard spectrum with no evidence of a cut-off for
energies < 20 TeV. With better angular resolution, it
could be that HESS detects the flux from a point source
that cannot be resolved by the Milagro and ARGO-YBJ
observation. MGRO J1908+06 has also been observed
by VERITAS (Aliu et al. 2014b), and the measured flux
is of the same order as the one reported by HESS. Fi-
nally, the value recently reported by HAWC points to-
wards a similar normalization (Abeysekara et al. 2016).
In addition to different fluxes, the reported extension
differs depending on the experiment. The ARGO-YBJ
finds an extension of 0.5◦ (Bartoli et al. 2012) while
HESS finds an extension of 0.34◦ (Aharonian 2009).
The measured extension in VERITAS observation is
0.44◦ (Aliu et al. 2014b).
MGRO J1908+06 is currently classified as an uniden-
tified source. Fermi-LAT observes the pulsar PSR
J1907+0602 within the extension reported by the Mi-
lagro collaboration (Abdo and Abdo 2010). On the
other hand, the large size, the measured hard spec-
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Fig. 4 Event distribution from MGRO 1908+06 for the
spectra parametrized by HESS measurement.The grey band
encodes the uncertainty on the cut-off energy. The black
(gold dashed) line shows the background from atmospheric
neutrinos for extended (point-like) sources. Figure from
(Halzen et al. 2017).
trum in TeV photon that persist with distance from
the pulsar are not characteristic of a PWN scenario
(Aliu et al. 2014b) and MGRO J1908+06 is perhaps
consistent with a SNR.
Multimessenger relation between gamma-ray and
neutrino production rates can be used to evaluate
the expected high-energy neutrino flux from MGRO
J1908+06. Here, we adopt the following parameteri-
zation of the gamma-ray flux
dNγ(Eγ)
dEγ
= kγ
(
Eγ
TeV
)−αγ
exp
(
−
√
Eγ
Ecut,γ
)
. (7)
This parameterization corresponds to the production
rate from a source with cosmic ray injection rate that
is described by a power-law with an exponential cut-off
(Kappes et al. 2007). The green lines in Figure 3 show
the spectra obtained within this parameterization con-
sidering αγ = 2 and fixing the normalization to the best
fit reported by HESS, and allowing the cut-off energy
to vary: Ecut,γ = 30, 300, and 800 TeV.
In Figure 4 we show the expected number of events
when the neutrino flux evaluated from spectrum re-
ported by HESS, considering energy cut-off for the spec-
trum ranging from 30 to 800 TeV. The expected num-
ber of background events for both extended and point
source assumption are shown for comparison. Here, we
are assuming 0.34◦ extension reported by HESS. The
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Fig. 5 The expected p-value for MGRO J1908+06 as a
function of time for different spectral assumptions compati-
ble with the values reported by HESS (Aharonian 2009), as
shown in Fig. 4. The grey band encodes the uncertainty due
to different values of Ecut,γ , and morphology. Green lines
show the case of extended source. Figure from (Halzen et al.
2017).
corresponding p-value for observation of neutrino emis-
sion in the direction of MGRO J1908+06 is shown in
Figure 5. Different assumptions on the high-energy cut-
off for the spectrum and the extension of the source re-
sult in different likelihood for identification of MGRO
J1908+06. The most optimistic scenario occurs when
the source is point-like and the cut-off is beyond several
hundreds of TeV. Overall, provided that the gamma-ray
flux from MGRO J1908+06 extends to energies beyond
100 TeV, using the flux reported by HESS we anticipate
a 3σ observation in about 10 to 15 years of IceCube
data.
MGRO 1908+06 has been included in IceCube’s trig-
gered search for point-like and extended sources (Aart-
sen et al. 2014d, 2017a, 2019d, 2020b). Recent search
for steady sources in the muon neutrino flux with 8
years of IceCube of data (Aartsen et al. 2019d) found
this source as the second warmest source in the catalog,
with a pre-trial p-value of 0.0088. The fitted flux up-
per limit is consistent with the expectations discussed
above. Figure 6 shows the p-value of the neutrino ex-
cess and neutrino events found by the 8 year IceCube
search in the vicinity of MGRO J1908+06. It should
be noted that in this search the source is assumed to be
without extension, and as mentioned earlier the likeli-
hood for observation depends on the size of the source.
It is worth mentioning that recent study of PeVa-
tron candidates in the HESS Galactic plane survey data
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Fig. 6 P-value map of neutrino excesses near MGRO
1908+06 in point source search with eight years of IceCube
up-going muons. Figure from (Aartsen et al. 2019d).
(Abdalla et al. 2018) obtains a lower bound on cut-off
energy of MGRO J1908+06 and supports the idea of
this source as PeVatron (Spengler 2020). A major de-
velopment regarding MGRO J1908+06 and the rest of
the sources identified in Milagro survey has brought by
HAWC very high energy survey of the Galaxy. We will
come back to this later.
Besides MGRO J1908+06 and MGRO 2019+37 that
are monitored by IceCube steady source searches, Ice-
Cube has searched for collective neutrino emission from
the six initially identified sources, aka Milagro 6, via
stacking analysis. Stacking likelihood searches (Achter-
berg et al. 2006) probe for correlation of a collection of
sources, or a catalog, to a sample of neutrino events.
This type of search benefits from a better sensitivity
for a lower value of flux per source. The most recent
results for the Milagro 6 are reported in (Aartsen et al.
2017b).
The progress of very high energy gamma ray astro-
physics through the last decades has disclosed more
than 100 sources with TeV emission in the Galactic
plane. The majority of the sources that have identified
partners are classified as pulsar wind nebula. Given
that they carry a significant fraction of the high-energy
emission from the Galaxy, their potential contribution
to the neutrino flux is important.
Confined inside supernova remnants, pulsar wind
nebulae are bright diffuse nebulae whose emission is
10
powered by pulsar winds induced by the highly spinning
and magnetized pulsars in the center. The nonther-
mal high-energy emission from a pulsar wind nebula
is generally believed to arise from relativistic electron-
positron pairs. Those are considered as the primary
components of the pulsar winds that are powered by
the rotational energy of the central pulsars. In this
leptonic scenario, the dominant process for the low-
frequency emission in radio, optical, and X-ray is the
synchrotron emission of relativistic pairs. Meanwhile,
the inverse Compton scattering (ICS) of synchrotron
photons becomes dominant at high frequencies, pro-
ducing TeV emission. This scenario can explain the
spectrum from radio to TeV (Kargaltsev and Pavlov
2010). However, the presence of hadrons in the pul-
sar wind cannot be excluded yet, neither by theory nor
observation.
The hadronic scenario for high-energy emission and
particle acceleration in pulsar wind nebulae was first
discussed in the context of the very high energy gamma
ray emission from the Crab Nebula. There, protons ac-
celerated in the outer gap of the pulsar interacting with
the nebula (Cheng et al. 1990) and heavy nuclei ac-
celerated in the pulsar magnetosphere interacting with
soft photons (Bednarek and Protheroe 1997). Later,
high-energy neutrino emission from pulsar wind nebu-
lae were studied for particle acceleration in the termi-
nation shocks which is then followed by hadronuclear
or photohdadronic interactions in the source region,
see e.g. (Guetta and Amato 2003; Amato et al. 2003;
Bednarek 2003; Lemoine et al. 2015; Palma et al. 2017).
As a result, a neutrino flux is expected from cosmic
rays interaction with the dense environment, see (Am-
ato and Arons 2006) for details.
Presence or absence of hadrons (ions) in pulsar winds
have important consequences as any evidence for their
existence in pulsar winds would provide significants
clues about the mechanism of acceleration in these
sources. Minor contamination of ions at the termina-
tion shock would result in significant amount of energy
contents released in hadrons (Amato 2014). This is par-
ticularly important in the context of theoretical model-
ing of the pulsar wind, especially an obstacle known as
σ problem. The parameter σ is defined as the ratio of
the wind Poynting flux to its kinetic energy flux. The-
oretical modeling of pulsar magnetospheres and wind
indicate large σ values. However, the magnetohydro-
dynamic simulations cannot match shock size and ex-
pansion speed at same time. This conflicting scenario
could be resolved if the majority of the pulsar winds
energy is carried by hadrons and, in addition, can ex-
plain how efficient acceleration of leptons is obtained in
the termination shocks (Palma et al. 2017).
Pulsar wind nebulae have been explored as potential
sources of high-energy neutrinos. The searches for neu-
trino emission from pulsar wind nebulae aims at iden-
tification of any excess in the direction of individual
sources (Aartsen et al. 2013b, 2014d, 2017a) as well as
looking for cumulative emission in a stacking searches
(Aartsen et al. 2017b; Liu and Kheirandish 2020). So
far, neither of these tests have yielded an evidence for
correlation of pulsar wind nebulae with neutrinos ar-
rival directions.
The obtained upper limits on the neutrino flux from
individual sources can constrain the maximal hadronic
emission from few of these source, which can be in-
corporated to revisit the role of hadrons and discuss
the prospects for the observations for future detectors
such as KM3NeT. Especially, since a good number of
these sources are located in the Southern hemisphere,
see (Palma et al. 2017).
Meanwhile, the stacking analyses have aimed at
identifying correlation of the arrival direction of neutri-
nos with catalogs of pulsar wind nebulae under specifics
assumptions. The stacking analysis presented in (Aart-
sen et al. 2017b) focused on catalogs of 9 supernova
remnants with associated pulsar wind nebulae that were
observed by gamma-ray observatories.
In a recent study, IceCube has examined correlation
of high-energy neutrinos with 35 TeV pulsar wind nebu-
lae (Liu and Kheirandish 2020). In this search, sources
identified as pulsar wind nebula with gamma-ray emis-
sion at energies higher than 1 TeV were studied for po-
tential correlation with muon neutrino data. The selec-
tion of sources were based on the high-energy gamma-
ray observations of HAWC, HESS, MAGIC, and VER-
ITAS. The associated pulsars of these pulsar wind neb-
ulae were identifies listed in the Australia Telescope
National Facility (ATNF) catalog (Manchester et al.
2005).
In order to test the correlation of IceCube neutrinos
to these sources four different hypotheses were consid-
ered. Each scenario provided a weighting scheme for
the stacking analysis that enables testing the validity of
the hypothesis. In the simplest scheme, all the sources
are treated equally. Thus, no preference is given to any
source. Other schemes examine correlation with major
probability of the pulsar wind nebula such as its level
of high-energy gamma ray emission, pulsar’s spin fre-
quency as a measure of how energetic the pulsar is, and
finally the age of the pulsar. The latter assumes that
younger pulsars are more efficient neutrino emitters.
In the absence of any significant correlation found
under any of these assumption, upper limits were im-
posed on the total neutrino flux from these TeV emit-
ters in the Galaxy. The corresponding upper limit on
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the gamma-ray flux could be found via multimessen-
ger relation for the neutrino and gamma-ray flux. Fig-
ure 7 summarizes the results. With better sensitivities
at higher energies, these stacking analyses find upper
limits at the level of the total observed high-energy
gamma-ray emission indicating that neutrino flux mea-
surements getting close to determine the feasibility of
models of hadronic emission from pulsar wind nebulae.
In a separate study (Aartsen et al. 2020b), another
hypothesis was tested. Using 10 years of IceCube data,
33 pulsar wind nebulae were studied to examine the hy-
pothesis that wether the neutrino emission is correlated
with the integral of the extrapolated gamma-ray flux
above 10 TeV. While, this search also did not find any
evidence of correlation, it addresses an essential ques-
tion regarding the contribution of pulsar wind nebulae
to the very high energy side of IceCube’s cosmic neu-
trino observations.
These analyses constrain the high-energy neutrino
emission from pulsar wind nebulae, mainly at energies
beyond 10 TeV. At lower energies, the constraints are
weaker, as the sensitivity of point sources study de-
creases. It is worth mentioning that a good fraction of
identified TeV pulsar wind nebulae are locating in the
Southern hemisphere, including the bright source Vela
X. We will discuss in Section 6 how future experiments
positioned in the Northern hemisphere, and improved
analyses will provide better measurements of possible
neutrino emission from pulsar wind nebulae.
Multimessenger identification of potential neutrino
sources in the Galaxy based on gamma-ray observations
would highly benefit from a better access to very high
energies, beyond 10 TeV which is the typical sensitivity
of IACTs. Leptonic scenarios are less likely to produce
a spectrum that would extend to energies beyond 100
TeV. HAWC gamma-ray observatory as the most sen-
sitive operating ground based wide-field telescope has
provided an unprecedented view of the Galaxy in re-
cent years. In a major development, HAWC’s very high
energy survey of the Galactic plane has revealed more
than 20 brand new sources to the list of TeV gamma-ray
emitters in the Galaxy. Currently, most of these newly
resolved sources are classified as unidentified. Another
advantage offered by HAWC’s access to higher energies
is that it probes an energy ranges that is most relevant
for IceCube. Finally, IceCube is most sensitive to the
sources in the Northern Hemisphere that is explored by
HAWC.
In order to find the common sources of very high
energy gamma rays and high-energy neutrinos, the
IceCube and HAWC collaborations designed and per-
formed a joint analysis (Kheirandish and Wood 2020).
This analysis examined the correlation of neutrinos and
IceCube Preliminary
Fig. 7 Differential upper limits on the hadronic component
of the gamma-ray emission from TeV pulsar wind nebulae.
The light grey lines show the observed gamma-ray spectra
of the sources while the dark grey line presents the sum of
fluxes. Red, orange, magenta and blue steps show the dif-
ferential upper limit on the hadronic gamma-ray emission.
The upper limits are obtained by converting 90% CL dif-
ferential upper limit on the neutrino flux, and each color
corresponds to a given weighting method. Figure from (Liu
and Kheirandish 2020).
2HWC sources (Abeysekara et al. 2017) as well as cor-
relation of the high-energy neutrinos arrival direction
with the morphology of the very high energy gamma
ray emission. The former stacking analysis excluded
the sources previously identified as PWN, thus the anal-
ysis was mainly focused on the unidentified sources.
The latter analysis incorporated the full morphology
of the gamma-ray emission from the plane visible in
the Northern Sky. Additionally, special regions were
singled out for the correlation study. The selection of
these regions were motivated by the early findings of
Milagro. Cygnus region, area surrounding the MGRO
1908+06, and the inner Galaxy that included candi-
date source MGRO J1852+01 (now confirmed source
in HAWC) are the three preselected regions.
The findings of these four analyses, using 8 years of
IceCube data, constrains the contribution of hadronic
interactions to the gamma-ray emission observed in
Cygnus region and the Galactic plane visible in the
Northern Sky. On the other hand, the upper limits
on the neutrino flux from the other searches is above
the estimated flux based on the gamma-ray emission.
The upper limit for the stacking analysis is shown in
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Fig. 8 Upper limit (90% C.L.) on the flux of muon neutri-
nos (black) for the stacking search of sources in 2HWC cat-
alog (PWN excluded). The projected muon neutrino fluxes
(thin orange) represent the expected flux from each source
assuming that the high-energy gamma ray flux measured by
HAWC is produced in hadronuclear interactions. The com-
bined flux (red) shows sum of the individual fluxes. Figure
from (Kheirandish and Wood 2020).
Figure 8. This could indicate that the current data
cannot establish sufficient sensitivity for identification
of the emission from background. More years of data
and improved selections will be required. This is in
accordance with the expectations for the likelihood of
identification of MGRO J1908+06.
Let us know turn into to another special region in
the search: the Cygnus complex. The joint IceCube-
HAWC analysis found an under-fluctuation of data for
this region that led to a stringent constraint on the
hadronic component of the high-energy emission from
this complex.
The Cygnus region is star forming region with a lot
of stellar activity. 4 out of 6 sources initially identi-
fied in the Milagro observations belonged to this re-
gion. Because of the highly extended emission from
this region, identification of the sources in this area
has been challenging for the IACT experiments such
as VERITAS. The region where MGRO J2031+41 was
identified is particularly interesting, as it coincides with
the localization of the Cygnus cocoon. Due to the un-
certainties associated with the origin of the flux of the
Cygnus cocoon and γ-Cygni, a complete picture of high-
energy emission from MGRO J2031+41 is missing. The
combined analysis of ARGO-YBJ and Fermi data finds
a hard spectrum (Bartoli et al. 2014a) , which under
point-like assumption for the emission, indicates the ob-
servation might be likely in IceCube over the course of
∼ 15 years (Halzen et al. 2017).
The Cygnus X complex has been considered as a
promising nearby source of very high energy cosmic
rays and neutrinos, see e.g.(Ackermann et al. 2011;
Aharonian et al. 2002; Tchernin et al. 2013; Gonzalez-
Garcia et al. 2014; Nierstenhoefer et al. 2015; Guenduez
et al. 2017; Aharonian et al. 2019). This complex con-
tains massive molecular clouds, populous associates of
massive young stars, and luminous HII regions (Baars
and Wendker 1981; Leung and Thaddeus 1992; Kiminki
et al. 2015). Moreover, observation of a hard gamma-
ray spectrum, in combination with dense molecular
clouds (Gottschalk et al. 2012; Schneider et al. 2016)
and a large number of young OB stars (Wright et al.
2015) support the idea of Cygnus X as a plausible source
of cosmic rays and high-energy astrophysical neutrinos.
High-energy gamma ray emission from this region
was tentatively detected by EGRET9 (Chen et al.
1996). Later, hard gamma-ray emission from the re-
gion was observed by HEGRA10 (Aharonian et al. 2002)
which was followed by confirmation of TeV emission by
the Milagro collaboration (Abdo et al. 2007). More
recent observation has been conducted by MAGIC (Al-
bert et al. 2008), Fermi (Ackermann et al. 2011, 2012b),
ARGO-YBJ (Bartoli et al. 2014b), and VERITAS (Aliu
et al. 2014a) collaborations which helped obtaining a
better understanding of point-like and extended emis-
sion in this region.
An important feature revealed in the high-energy
gamma ray emission from the Cygnus X region is an
extended excess of hard emission, referred to as the
Cygnus Cocoon, that was first detected by the Fermi
collaboration (Ackermann et al. 2011). Extended emis-
sion has been also reported at TeV energies by Milagro,
ARGO-YBJ, VERITAS, and HAWC that is partially
coincident with the Cygnus Cocoon. However, the true
nature of the Cocoon is still unrevealed.
In the following, we will discuss the potential neu-
trino flux corresponding to the hard gamma-ray emis-
sion from the Cygnus Cocoon. We adopt a single-
zone model of cosmic ray interactions that is primarily
used in the central molecular zones of starburst galaxies
(Yoast-Hull et al. 2013). In this model, at lower energies
(E ∼ 10 MeV) bremsstrahlung scattering is the princi-
pal contributor to the gamma-ray spectrum. However,
pionic photons contributions grow with increase in en-
ergy and become dominate at ∼ 10 –100 GeV. Here,
high-energy gamma ray emission due to inverse Comp-
ton scattering is negligible due to the steepness of the
cosmic ray electrons at very high energies.
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Fig. 9 Observed and modeled gamma-ray fluxes from
Cygnus X region. Different modeling components include
gamma-ray emission from YEGZ models, pulsars (PSRs),
active galactic nuclei (AGN), supernova remnants (SNRs),
unidentified sources (UnID), the isotropic gamma-ray back-
ground (ISO), and the Cygnus Cocoon. Observational
points show data from Fermi (black stars) (Ackermann et al.
2012b), ARGO-YBJ (black circles) (Bartoli et al. 2015),
HAWC (black square) (Abeysekara et al. 2017), and Mila-
gro (black triangle) (Abdo et al. 2007). The vertical dotted
black line identifies 300 GeV beyond which the spectrum for
Fermi 3FGL sources are extrapolated. Figure from (Yoast-
Hull et al. 2017).
The comparison of the combined gamma-ray spec-
trum for Cygnus X with observations from Fermi, Mi-
lagro, ARGO-YBJ, and HAWC are shown in Figure 9.
The spectral fits provided in the 3FGL are only valid
between 100 MeV and 300 GeV. However, for the Co-
coon, we extrapolated the spectral fit to higher energies
to compare with TeV energy gamma-ray observations.
Finally, we include only the off-pulse emission for the
3 brightest pulsars. See Yoast-Hull et al. (2017) for
details.
Assuming that the Cocoon is a single source and
is dominated by gamma-rays from neutral pion de-
cay, single-zone YEGZ interaction model (Yoast-Hull
et al. 2013) finds a neutrino flux slightly larger than Ice-
Cube’s differential discovery potential at 1 PeV(Aartsen
et al. 2017a). Therefore, the possibility of detecting
neutrinos from the Cocoon is feasible, provided the
cosmic ray spectrum is hadronic and extends to PeV
energies without steepening.
While the contribution of the hadronic processes to
the observed high-energy emission is not clear, let us
turn our focus to a subregion within the Cocoon that
surrounds a large molecular gas cloud complex: CygX-
North. This sub-region is centered on (l = 81.5◦, b =
0.5◦), left of Cyg OB2 (see Figure 7 in Schneider et al.
(2006)) and its emission is expected to be dominated by
hadronic interactions, most likely from an unresolved
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Fig. 10 Expected neutrino flux from Cygnus region. The
neutrino spectra from the soft, diffuse YEGZ models (p =
2.6− 2.8), the Cygnus Cocoon, and the CygX-North molec-
ular cloud complex, along with the point source differential
discovery potential for IceCube (Aartsen et al. 2017a). Note
that the IceCube sensitivity to extended sources is naturally
lower than that for point sources, and thus this plot repre-
sents the most optimistic case for detection. Figure from
(Yoast-Hull et al. 2017).
source, either a supernova remnant or a pulsar wind
nebula.
Assuming a predominant hadronic component for
the high-energy emission from CygX-North, we esti-
mate the neutrino flux from this subregion by adapting
the cosmic ray spectrum to the high-energy gamma rays
associated to this region. The resulting neutrino flux
falls below IceCube’s discovery potential. This implies
that the likelihood of observing CygX-North in IceCube
is slim. The summary of expected neutrino fluxes from
Cygnus cocoon and CygX-North is shown in Figure 10.
In summary, the prospects for identification of neu-
trino emission from the Cygnus X region depends on
the slope of the cosmic ray spectrum. Soft cosmic ray
population in Cygnus X leads to a neutrino flux that is
several orders of magnitude below the current IceCube
sensitivity. However, assuming a hard cosmic ray pop-
ulation equivalent to that required for the Cocoon will
generate a neutrino flux that is potentially detectable
by IceCube.
Assuming a leptohadronic scenario for the high-
energy emission from Cygnus region and incorporat-
ing the broad data set from radio, MeV (COMPTEL),
GeV (Fermi), TeV (Argo) and tens of TeV (Milagro)
energies, shows that diffusion loss plays a significant
role in Cygnus X (Guenduez et al. 2017). The fit to
the broadband observations can describe the spectrum
up to TeV. However, the very high energy gamma ray
emission reported by Milagro is underestimated. This
transport model with a broad multiwavelength fit pre-
dicts a neutrino flux which approaches the sensitivity
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of IceCube at very high energies, nominally > 50 TeV,
and expects the flux in the Cygnus X region to suf-
fice for IceCube to measure a significant neutrino flux
in the next decade. Nevertheless, this model is rather
pessimistic as no strong individual source contribute to
the flux.
The upper limit obtained in the joint IceCube-
HAWC analysis indicates that at most 60% of the
gamma-ray flux observed by HAWC can originate from
hadronic interactions. While this result limits the abil-
ity of neutrino searches to detect neutrino emission from
this region, more accurate observation of the extension
and emission regions within the Cygnus region, and the
cocoon could change this picture.
Finally, let us comment on the area around MGRO
J1852+01, which is particularly interesting for IceCube.
We mentioned earlier that this source missed the sta-
tistical threshold in Milagro survey. HAWC observes
a high intensity emission from this region and conclu-
sively observed this source, however, the emission is
mostly centered around the source 2HWC 1857+027.
The large flux reported by Milagro in a 3◦ × 3◦ region
was most likely coming from this source. Given the
large flux and the vicinity to the horizon, this region
is a sweet spot for IceCube. Interestingly, the largest
excess in the joint IceCube-HAWC search is associated
to the region around 2HWC 1857+027.
The results of the joint IceCube-HAWC analysis did
not find any significant correlation. However, it pro-
vided new clues about the potential sources of high-
energy neutrino in the Galaxy. There are two main
outcomes from this analysis: first, the hadronic compo-
nent of the emission from Cygnus region is constrained.
Second, the results for regions in the inner Galaxy are
marginal to the expectation. That is, while neutrino
telescopes are not yet sensitive enough for identifying
emission from those sources their observation is likely
with more years of data.
In a more recent development, the HAWC collab-
oration reported measurement of gamma-ray flux be-
yond 58 TeV from four source (Abeysekara et al. 2020).
These sources coincide with the Milagro sources previ-
ously identified and support their speculation as Pe-
Vatrons. This unprecedented measurement helps with
characterization of the very high energy flux, which
is essential for tuning the multimessenger searches for
neutrino sources.
Another potential source of high-energy neutrinos in
the Galaxy are binaries. Neutrino emission from bi-
naries has been anticipated (Torres and Halzen 2007;
Levinson and Waxman 2001; Guetta et al. 2002; Aha-
ronian et al. 2006) based on the observation of high-
energy gamma ray emission from microquasars. Micro-
quasars, X-ray binaries with prominent jets, has pro-
moted binaries as potential sites of cosmic ray acceler-
ations. Presence of accretion and jets in microquasars
creates suitable environment for particle acceleration
and interaction.
The central role of stellar wind and radiation fields
in the production mechanisms of the high-energy pho-
tons is highlighted by the fact that all known gamma-
ray binaries have a high-mass companion star. Similar
to other sources of high-energy gamma rays, both lep-
tonic and hadronic scenarios are proposed for the high-
energy emission from binaries. In the leptonic mecha-
nism, inverse Compton scattering of the stellar radia-
tion off relativistic electron is thought to be responsible
for generation of high-energy gamma rays. In hadronic
models, however, neutral pions from hadronuclear in-
teractions of protons in the jets with cold protons of
the stellar wind produce the high-energy gamma rays,
see e.g. Romero et al. (2003, 2005). Accompanying
high-energy neutrinos produced in this scenario is the
fundamental feature of hadronic scenario. Moreover,
cooling of the secondary particles produced in charged
pions decay is another feature that stem from the in-
clusion of relativistic protons in the jet. This feature
would alter the broadband emission from gamma-ray
binaries. Studies of jets impact in the stellar medium
for Cygnus X-1 suggest that they can carry a signifi-
cant fraction of kinetic energy (Gallo et al. 2005; Heinz
2005).
X-ray binaries are known for their periodic and out-
burst emissions which makes them good candidates
for time-dependent searches. Time-dependent searches
generally benefit from lower background rates and can
identify correlations via few events, thus enhancing the
sensitivity for identification these source. Microquasars
periodic emission and X-ray flares have been used for
possible temporal neutrino emission (Abbasi et al. 2012;
Aartsen et al. 2015e; Adrian-Martinez et al. 2014). Mi-
croquasars were also suggested as the dominant contrib-
utors to the Galactic component of the high-energy neu-
trino flux (Anchordoqui et al. 2014). This was partially
motivated by the spatial clustering of the first sample of
high-energy events near LS 5039, a known microquasar
which has been historically suggested as a potential cos-
mic ray accelerator (Aharonian et al. 2006).
The discussion presented here was mainly centered
on the potential Galactic sources of high-energy neutri-
nos in the Northern Sky. In the future, with operation
of KM3NeT the sensitivity of the point source search
to explore the Southern Sky will significantly improve.
Such development can help closing in on the Galac-
tic component of the high-energy neutrino flux. It is
worth noting that there are important aspects with re-
gard to the Galactic gamma-ray emission visible in the
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Southern hemisphere. The HESS collaboration has an-
nounced observation of very high energy gamma ray
emission near the Galactic center (Abramowski et al.
2016). Such signal believed to be difficult for leptonic
scenarios to account for. Observation of neutrino emis-
sion could establish this source as a Galactic PeVatron.
In addition, neutrino emission from Galactic center has
been discussed by exploiting Sagittarius A* (Sgr A*), a
low-luminosity AGN located at the center of the Milky
Way (Fujita et al. 2017; Anchordoqui 2016). Observa-
tions X-ray echos have revealed a high level of activ-
ity in its past (Koyama et al. 1996; Ryu et al. 2013).
Accelerated cosmic rays will interact with the dense
environment in its vicinity and generate a flux of high-
energy neutrinos. Finally, KM3NeT is expected to be
sensitive enough to observe RX J1713.7-3946, a known
supernova remnant and potential neutrino source, as
well as Vela X (Aiello et al. 2019). It is worth men-
tioning that the IceCube search for point sources in
the cascade data found RX J1713.7-3946 as the most
significant source (Aartsen et al. 2019c). We should
remark that while located in the Northern hemisphere,
HAWC observes a small portion of the Galactic plane in
the Southern hemisphere. This region includes sources
with high level of gamma-ray emission. Provided that
the very high energy gamma rays are hadronic, these
sources are predicted to be detected by KM3NeT (Niro
et al. 2019) within 10 years of operation.
5 Diffuse Galactic Neutrino Emission
Generation of high-energy neutrinos and gamma rays
is not limited to the surrounding areas of cosmic ray
sources. Interaction of accelerated cosmic rays with in-
terstellar medium leads to production of charged and
neutral pions that will decay to neutrinos and gamma
rays. The dense environment of the Milky Way provides
target material for interaction of very high energy cos-
mic rays during their propagation. Therefore, diffuse
gamma-ray and neutrino emission from Galactic plane
is considered as a guaranteed non-isotropic component
in the high-energy sky (Stecker 1979; Domokos et al.
1993; Berezinsky et al. 1993; Ingelman and Thunman
1996; Evoli et al. 2007).
The intensity of the Galactic diffuse neutrino emis-
sion is expected to vary along the plane. Gas density,
distribution of sources, and cosmic rays density along
the Galactic plane are the key parameters determining
the intensity of the emission.
Efforts to model the Galactic diffuse neutrino emis-
sion benefit from observation of the diffuse Galactic
gamma-ray emission as the the intensity and morphol-
ogy of diffuse Galactic neutrino flux can be assessed by
incorporating the diffuse Galactic gamma-ray emission
profile together with the local measurement of cosmic
rays (Ahlers and Murase 2014; Joshi et al. 2014; Kachel-
rie and Ostapchenko 2014).
The diffuse component of gamma-ray emission from
Galactic plane has been measured by Fermi-LAT in the
range 100 MeV to tens of GeV (Ackermann et al. 2012a;
Acero et al. 2016). Fermi’s measurement has become
one of the core elements in modeling of the Galactic
diffuses high-energy gamma rays. Model parameters
are tuned to match the Fermi data for diffuse Galactic
gamma-ray emission.
GALPROP (Vladimirov et al. 2011) is an example
of successful attempts to model the diffuse Galactic
gamma-ray component. In order to model the Galactic
diffuse gamma-ray emission, propagation and diffusion
of cosmic rays in the interstellar medium is studied.
The production rate of cosmic rays is established by
assuming a distribution of potential sources of cosmic
rays in the Galaxy, for instance supernova remnants.
In the meantime, the interstellar gas and radiation filed
densities are limited by Fermi-LAT and radio observa-
tions.
The conventional GALPROP modelings find a good
agreement with the gamma-ray measurements below
10 GeV. However, they cannot accommodate the ob-
served flux beyond 10 GeV for the inner Galaxy (Acker-
mann et al. 2012a). The KRAγ models (Gaggero et al.
2015b,a, 2017) try to resolve this issue by modifying the
diffusion and introducing an exponential cutoff at a cer-
tain energy. Energy cut-offs at cutoffs at 5 and 50 PeV
are chosen to accommodate the measurements at very
high energies by KASCADE (Antoni et al. 2005) and
KASCADE-Grande (Apel et al. 2013). The models are
known as KRA5γ and KRA
50
γ to specify the considered
energy cut-offs. Figure 11 shows the direction and en-
ergy integrated for neutrinos predicted in KRA5γ model.
Following IceCube’s observation of high-energy neu-
trino flux, the contribution of the diffuse Galactic neu-
trino emission to the total isotropic neutrino flux has
been studied (Ahlers and Murase 2014; Ahlers et al.
2016; Albert et al. 2017a; Aartsen et al. 2017b) using
a variety of assumptions and data sets including the
KRAγ predictions.
In a recent study, the ANTARES and IceCube col-
laborations performed a joint search to target the dif-
fuse Galactic component. The joint constraint from
IceCube and ANTARES on the diffuse Galactic plane
neutrino emission (Albert et al. 2018) uses ten years
of ANTARES muon track and cascade data, as well as
seven years of IceCube muon track data to perform a
joint likelihood test for neutrino emission. Their re-
sults impose constraints on the diffuse Galactic com-
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Fig. 11 Diffuse gamma-ray emission from Galactic plane:
The color map shows energy integrated neutrino flux from
the KRA5γ model (Gaggero et al. 2015b), illustrated as a
function of direction in equatorial coordinates. Figure from
(Albert et al. 2018).
ponent hypothesis based on the KRAγ model. The re-
sults of the maximum likelihood analysis finds a non-
zero component for diffuse Galactic components. How-
ever, the excess falls short of statistical significance.
The upper limits from these test constraints the KRA50γ
model at 0.9× ΦKRA50γ . The upper limit on the KRA5γ
model, however, is above the predicted limit. Figure
12 compares the upper limit with the predicted flux
from KRAγ models as well as the total neutrino flux
measured by IceCube.
Fermi bubbles are considered as another potential
site of cosmic ray diffusion and diffuse high-energy neu-
trino emission. The extended region assigned as Fermi
bubbles extend to ∼ 55 degrees away from center of the
Galaxy and indicates a hard gamma-ray spectrum up
to ∼ 100 GeV (Ackermann et al. 2014). It has been sug-
gested that cosmic ray acceleration near Galactic cen-
ter is the origin of gamma-ray emission (Crocker and
Aharonian 2011). However, the source of high-energy
emission from Fermi bubbles has not been established
experimentally. Contribution of Fermi bubbles to the
high-energy neutrino flux has been studied (Lunardini
et al. 2014; Ahlers and Murase 2014) and IceCube and
ANTARES have imposed upper limits on the neutrino
emission (Aartsen et al. 2019c; Albert et al. 2017b).
6 Summary & Outlook
The discovery of high-energy neutrinos with astrophys-
ical origin in IceCube has offered a unique view of the
high-energy universe. Prior to the observation of cosmic
neutrinos, our knowledge of the high-energy universe
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was limited to cosmic ray and gamma-ray measure-
ments. Cosmic neutrinos reveal an unobstructed view
at wavelengths where the universe is opaque to photons.
Today, high-energy neutrino astronomy has demon-
strated the greater than expected role of hadronic pro-
cesses in the nonthermal universe. The finding that
challenges our understanding of the universe. The ob-
servation of high-energy cosmic neutrinos has also facili-
tated the multimessenger search for the origin of cosmic
rays, a century old puzzle in high-energy astrophysics.
The arrival direction of high-energy neutrinos indi-
cate a predominant extragalactic origin. However, the
contribution of the Galactic component cannot be ex-
cluded at this point.
Galactic source are considered as guaranteed contrib-
utors to the flux of high-energy neutrinos. Sources of
very high energy cosmic rays in the Galaxy are believed
to be responsible for acceleration of very high energy
cosmic rays that reach energies of few PeV. Their in-
teraction with stellar and interstellar gas and radiation
would result in production of neutrinos and gamma
rays. High-energy neutrinos are produced in astrophys-
ical beam dumps that can supply enough target density
for interaction of very high energy cosmic rays. The
dense environment of the Milky Way meets this condi-
tion.
In this review, we discussed the prospects for identi-
fying neutrino emission from Galactic sources and pre-
sented the status of their observation. The discussion
was centered around major gamma-ray emitters in the
Galaxy as they establish one pillar for multimessenger
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identification of the sources of cosmic rays. Our discus-
sion regarding the current limits and recent studies was
mainly based on the IceCube’s measurements, as Ice-
Cube is currently the largest operating detector. The
ANTARES detector in the Mediterranean is positioned
in the northern sky and despite smaller effective area,
can provide useful information for Galactic sources in
the Southern hemisphere.
The subdominant Galactic component of the high-
energy neutrino flux is estimated to contribute at most
to less than 15% of the total measured flux. However,
identification of Galactic sources with strong neutrino
emission is likely in near future. While the contribution
to the flux at very high energies is less likely (Ahlers
et al. 2016), the emerging features in cosmic neutrino
spectrum and the low-energy excess in IceCube flux
around ∼ 10 TeV could suggest a relatively soft Galac-
tic contribution dominating in the Southern sky.
In addition, the search for point-like and extended
sources in the Galaxy will soon reach the required
sensitivity to test optimal emission scenarios for such
sources.
In the context of multimessenger astrophysics for
non-thermal hadronic emission, identification of poten-
tial sources of high-energy neutrinos in the Galaxy is
tied to very high energy gamma ray observations. Prior
to the observation of the high-energy neutrino flux, po-
tential sources had been identified in the very high en-
ergy survey of the Galaxy by Milagro. The current
observation is consistent with the expectations and the
sensitivity of neutrino source searches are marginal to
the optimal scenario for neutrino emission.
The importance of gamma-ray observations in iden-
tifying the sources of high-energy cosmic neutrinos is
emphasized by the recent developments in the neutrino
sources search. Identifying Galactic sources of high-
energy neutrinos is entangled with the uncertainties and
tensions found in gamma-ray observation of very high
energy sources in the Milky Way. Resolving sources in
populated regions, and precise measurement of the flux
and extension of the source play crucial role in identi-
fying potential sources of high-energy neutrinos in the
Galaxy. Current improvement and future advancement
in the observation of the very high energy emission from
Galactic plane will assist this goal.
HAWC observation of the flux at energies beyond
50 TeV has supported the idea of proposed source like
MGRO J1908+06 as potential source of high-energy
neutrinos. The plans to establish the Southern Wide-
field Gamma-ray Observatory (SWGO) (Albert et al.
2019) will provide a deeper survey of the Galactic plane
in Southern hemisphere. Addition of Cherenkov Tele-
scope Array (CTA) (Acharya et al. 2013, 2018) and and
LHAASO (Di Sciascio 2016) to the network of very high
energy gamma ray observatories would provide an en-
hanced sensitivity that reaches to PeV regime, essen-
tial to identify the PeVatrons in the Galaxy. Based on
current estimations, CTA is expected to resolve ∼ 100
supernova remnants (Zanin and Holder 2018). It is also
worth mention future MeV telescopes like eAstrogram
and AMEGO that will have a central role in identifi-
cation of the pion bump in the broadband spectrum of
Galactic sources. This is also important in the context
of modeling diffuse emission, as unresolved sources with
harder intrinsic cosmic ray spectra can have a signifi-
cant contribution to diffuse gamma-ray and neutrino
fluxes (Ahlers and Murase 2014; Lipari and Vernetto
2018).
The search for Galactic sources of high-energy neu-
trino will also benefit from improvements in data selec-
tion, increased statistics, and new techniques for distin-
guishing signal from background. New developments
in identifying starting muon tracks will improve Ice-
Cube’s sensitivity to Galactic sources in the Southern
sky (Silva and Mancina 2020; Mancina and Silva 2020).
Addition of cascade data sets, despite their poor angu-
lar resolution, has proved to add substantial improve-
ments to the search.
Future neutrino detectors will considerably improve
the likelihood of finding Galactic sources of high-energy
neutrinos. Development of neutrino detectors in the
Northern hemisphere such as KM3NeT and Baikal
(Avrorin et al. 2019) will boost sensitivity towards
Galactic center and other regions of interest in the
Southern Sky. Moreover, next-generation of IceCube
neutrino observatory with five times the effective area
of IceCube is expected to improve the neutrino source
search sensitivity by the same order (Aartsen et al.
2014b; Ahlers and Halzen 2014; Aartsen et al. 2019b).
Increased sensitivity to point-like and extended sources
will be achieved improved angular resolution, better en-
ergy resolution, higher statistics, and reduction of the
background.
Neutrino production from cosmic ray interaction in
Galactic sources and interstellar medium was the sub-
ject of this review. Another potential Galactic con-
tributor to the high-energy neutrino flux is dark mat-
ter. Dark matter signatures present the only alterna-
tive explanation of a high-energy neutrino signal from
the Galaxy. Dark matter decay and annihilation create
distinctive signatures in the observed cosmic ray spec-
trum. The contribution of dark matter to the high-
energy neutrino flux can be examined via signatures
in events energy distribution and arrival direction, see
e.g. (Beacom et al. 2007; Murase and Beacom 2012;
Bai et al. 2016; Murase et al. 2015; Bhattacharya et al.
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2019). Due to the high concentration of dark matter
in the center of the Galaxy, anisotropic signature is ex-
pected. Possible interaction of extragalactic component
of the high-energy neutrinos with Galactic dark matter
on the other hand would create a deficit in the neutrinos
towards Galactic center (Argu¨elles et al. 2017). For re-
cent review of the constraints on Galactic dark matter
signals in neutrino data, see Argu¨elles et al. (2019).
Currently, gamma-ray observations cannot differen-
tiate hadronic and leptonic emission. However, they
point to the most likely location of particle acceleration
in the Galaxy and have identified potential sources of
cosmic neutrinos. No strong evidence for a neutrino
source in the Milky Way has been found yet but the
identification of Galactic sources of high-energy neutri-
nos are more likely in near future. Detecting the ac-
companying neutrinos from a high-energy gamma ray
emitter in the Milky Way would provide incontrovert-
ible evidence for cosmic-ray acceleration.
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